The rep gene of Bean golden mosaic virus (BGMV) is essential for virus replication. A mutated rep gene with amino acid codon change in the putative nucleoside triphosphate (NTP) binding motif D262R was created. Phaseolus vulgaris transformation was achieved with a vector that contained the mutated rep and bar genes. A total of 17 initial (T 0 ) transformants were analyzed. One line (M1/4) showed tolerance to glufosinate ammonium and partial resistance to the virus, that is, disease incidence depended on inoculation level. The incidence of BGMV increased with the increasing number of viruliferous whiteflies per plant, both in the transgenic and in the control plants. However, the number of symptomless plants was significantly higher in the transgenic group. The line M1/4 was studied during several generations and presented stability in the transgene loci and virus resistance. Southern blot analysis with genomic DNA of eight generations led to an estimate of two copies of the rep gene integrated at the same locus. RT-PCR analysis revealed the presence of both bar and rep genes transcripts. The mutated REP protein was present in amounts detectable by Western blot analysis in transgenic plants. #
Introduction
Golden mosaic of common beans (Phaseolus vulgaris L.) is caused by the Bean golden mosaic virus (BGMV) that belongs to the genus Begomovirus (family Geminiviridae). Characteristic symptoms of the disease are yellow-green mosaic of leaves, and stunted or distorted growth, which may vary among genotypes. Similar diseases were described in Puerto Rico, Guatemala, the Dominican Republic, Mexico, and the United States [1] . Phylogenetic studies and differences in biological properties, such as sap transmissibility, supported the taxonomic separation between bean-infecting geminiviruses isolates from Brazil (designed BGMV) and isolates from Central America, the Caribbean Basin and Mexico (designed Bean golden yellow mosaic virus, BGYMV). In addition, pseudorecombinants between components of BGMV and BGYMV also supported the separation of these two viruses into distinct populations [2, 3] .
BGMV is a typical circular single-stranded DNA plant virus with bipartite genome, containing 2617 nucleotides in the component A and 2580 nucleotides in the component B [2] . Each DNA component is separately encapsidated in twinned particles. Both components are necessary for plant infection, even though the A component, by itself, can infect isolated tobacco plant protoplasts [4] . Except for a region of approximately 200 nucleotides, known as the common region, there is no significant homology between the two components. Geminivirus replication is achieved via a replicative form abundantly found in tissue of plants actively growing.
Transgenic plants have been obtained with the replication associated protein (REP; rep gene), which has been the choice gene for pathogen-derived resistance in begomoviruses, either in its entireness or in a partial or truncated form [5] [6] [7] [8] [9] [10] . After plant inoculation the results varied from reduced symptom expression and viral DNA replication to complete resistance [11] . The REP protein is involved in functions such as directing the replication complex to the origin of replication www.elsevier.com/locate/plantsci Plant Science 171 (2006) 565-571 [11] . REP/RepAC1 is an oligomeric protein that binds to double-stranded DNA, catalyzes cleavage and ligation of single-stranded DNA, and initiates and terminates plus strand replication. It also interacts with several host proteins, including the cell cycle regulator, retinoblastoma, and essential components of the cell DNA replication machinery, like proliferating nuclear cells [12] . The REP protein expression back-regulates its own synthesis at the level of transcription. A motif identified as the NTP binding site, with the consensus sequence EGX 4 GKTX 32 DD, was described by Hanson et al. [13] . A mutation of the aspartic acid (at position 262) within this motif completely abolished the infectivity of BGYMV. When a construct of the rep gene with this mutation was co-inoculated with the component A, in tobacco protoplasts, there was up to 100% inhibition of replication of the viral DNA of BGYMV through a transdominant inhibition mechanism [4] .
The objective of the present work was to transform common beans with a construct of the rep gene from BGMV mutated at the amino acid 262, through the replacement of an aspartic acid by an arginine (D262R) to evaluate its resistance to BGMV. Here, we report the production of a transgenic common bean line expressing the rep gene and presenting resistance to the virus.
Material and methods

Vector construct
Infectious clones of BGMV from Brazil, pBZA1, and pBZB1, were used for vector construct [2, 14] . Their sequences have been deposited in the GenBank under the accession numbers M88686 and M88687, respectively. The cassette containing the double 35S promoter from Cauliflower mosaic virus (CaMV), enhancer sequence from Alfalfa mosaic virus, gus::nptII fusion, and nos terminator from the plasmid pBI426 [15] was excised with HindIII and EcoRI blunt ended and ligated into the filled-in XbaI restriction site of a pBS II KS+ (Stratagene Inc., La Jolla, CA, USA). This resulted in the vector pBS-ex426. The DNA A was excised from pBZA1 by digestion with HindIII and circularized. This molecule was used to amplify the block of rep-trap-ren genes by PCR (see the Section 2.4). The primer PBZAC7-NcoI (5 0 -TACAAGCCATGGCACCACCAAAGCG-3 0 ) was used to include a NcoI restriction site (underlined) into the start codon of the rep gene and the primer PBZAR1076XhoI (5 0 -TGCTACTCGAGAAATTCGGATCT-3 0 ) was used to include a XhoI restriction site (underlined) downstream the stop codon of the ren gene. The PCR amplified fragment was cloned in the NcoI and XhoI sites of the vector pBS-ex426, replacing the gus::nptII gene fusion, resulting in the pT-WT construct. Site-directed mutagenesis was performed essentially as described by Kunkel et al. [16] to create the mutation in amino acid 262 replacing an aspartic acid by an arginine, and to introduce the unique restriction site NruI using the primer PBZAv1876NruI (5 0 -CGGTGCGATGT-CGCGAATGACGTTATACTCAGC-3 0 ). The complete clone construct (pT-M) was sequenced to confirm the presence of the desired mutation and determine that no secondary mutation had been introduced. For common bean transformation, a cassette with the bar gene (that confers tolerance to the herbicide glufosinate ammonium), under control of the 35S CaMV promoter, was removed with EcoRI from the vector pB5/35Sbar [17] and cloned in the same restriction site of pT-M resulting in the vector pT-M1 (Fig. 1 ).
Common bean transformation
Transgenic common bean plants (cultivar Olathe Pinto) were produced as described by Aragão et al. [18] . Briefly, mature seeds were surface sterilized and soaked in distilled water for 16-18 h. Then, the embryonic axes were excised from the seeds and the apical meristems were exposed by removing their primary leaves. The embryonic axes were placed with the apical region directed upward in Petri dishes containing basal MS medium immediately before the bombardment. The bombardment was conducted using a high-pressure heliumdriven particle acceleration device built in our laboratory. The embryonic axes, bombarded with the vector pT-M1, were cultivated on MS medium containing 44.3 mM BAP to induce multiple shoot development. After 3 weeks in culture, the bombarded apical meristems produced elongated shoots, which were treated with 0.03% aqueous solution of Lyberty TM (200 g l À1 glufosinate ammonium), when they had reached 2-4 cm in length. The herbicide tolerant shoots (T 0 generation) were rooted and transferred to a plastic pot containing autoclaved soil:vermiculite (1:1) and covered with a plastic bag for a week to acclimatize. To detect the presence of the rep gene, plants were analyzed by PCR.
Transgenic plant evaluation: inoculation with BGMV and symptoms evaluation
Transgenic plants (T 0 generation) were inoculated with BGMV by exposing them to 20-30 viruliferous whiteflies for 3 days. A viruliferous whitefly colony was maintained on P. lunatus L. and Glycine max Merrill, with the periodic replacement of older plants by young ones. After the inoculation access period the insects were removed and the plants transferred to an insect free greenhouse for symptom development and evaluation. Evaluations were done by recording the first date of vein clearing, and then daily until full disease symptoms had developed on control plants. 
PCR analysis
DNA was isolated from leaf disks according to Edwards et al. [19] . Each PCR reaction was carried out in 25 ml of reaction mixture containing 10 mM Tris-HCl (pH 8.4), 50 mM KCl, 2 mM MgCl 2 , 160 mM of each dNTP, 200 nM of each primer, 2 U of Taq polymerase (Invitrogen, Carlsbad, CA, USA) and 10-20 ng of genomic DNA. The mixture was overlaid with mineral oil, denatured for 5 min at 95 8C and amplified for 35 cycles (95 8C for 1 min, 55 8C for 1 min, 72 8C for 1 min) with a final extension of 7 min at 72 8C. The PCR reactions were carried out in a thermocycler (PTC-100, MJ Researcher, USA). The reaction mixture was then loaded directly onto a 1% agarose gel, stained with ethidium bromide and visualized with UV light. The primer pair BzA237 (5 0 -AGGTGGTATACTCTGGTCGTT-3 0 ) and BzA1137 (5 0 -GGAGGTCAACAGACAGCTAAT-3 0 ) was used to amplify a 901-bp sequence to screen the transgenic plants for the presence of the rep-trap-ren cassette. The primer pair T3 (5 0 -CGCAATTAACCCTCACTAAAGGG-3 0 ) and AC1vATG (5 0 -ACGCTTTGGTGGTGCCATGG-3 0 ) was used to amplify the complete promoter region confirming its presence. Primers BAR90 (5 0 -GGTCTGCACCATCGTCAACC-3 0 ) and bar536C (5 0 -CTGAAGTCCAGCTGCCAGAA-3 0 ) were utilized to amplify a 446 bp sequence from the bar gene.
Southern blot analysis
Genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). Southern blotting was carried out as described [20] . Genomic DNA (15 mg) was digested with XhoI, separated on an 1% agarose gel and transferred to a nylon membrane (Hybond N+, Amershan Pharmacia Biotech, Buckinghamshire, UK). Hybridization was carried out using the 901-bp PCR-generated sequence as probe for the rep gene (Fig. 1) . The probe was labeled with a 32 P dCTP (3000 Ci mol À1 ) using a random primer DNA labeling kit (Pharmacia Biotech) according to the manufacturer's instructions. Membrane was pre-hybridized for 2 h at 65 8C. After prehybridization, the denatured probe was added at 2 ng/ml and membrane incubated for 16 h at 65 8C. After hybridization, the membrane was washed twice with 2Â SSPE, 0.1% (w/v) SDS at room temperature for 10 min, washed once with 1Â SSPE, 0.1% (w/v) SDS at 65 8C for 15 min and once with 0.1Â SSPE, 0.1% (w/v) SDS at 65 8C for 10 min.
RT-PCR expression analysis
Total RNA was extracted using the RNAeasy kit (Qiagen, Valencia, CA, USA) from 200 mg of fresh leaves. Possible remaining genomic DNA was eliminated by DNase digestion of the RNA samples. A PCR reaction was carried out using RNA to confirm DNA removal. Two micrograms of total RNA were used to produce cDNA using the reverse transcriptase Superscript II (Invitrogen, Carlsbad, CA, USA), according to the protocol suggested by the manufacturer. PCR reactions were carried out as described above except that 25 ng of cDNA [quantified using the DyNA Quant 200 fluorimeter (Amershan Pharmacia Biotech, Buckinghamshire, UK)] was used as a template with 24 cycles of amplification. The primers BzA237 and BzA1137 were used to amplify a 901-bp sequence from the rep-trap-ren cassette. The primers BAR90 and BAR536C were used to amplify a 446-bp sequence from the bar gene. As an internal control, the primers rRNA1 (5 0 -AACGGCTACCA-CATCCAAGG-3 0 ) and rRNA2C (5 0 -TCATTACTCCGATCCC-GAAG-3 0 ) were used to amplify a 459 bp sequence from the P. vulvaris 18S rRNA gene (Pv18SrRNA) (Report TC238, The TIGR P. vulgaris Gene Index; www.tigr.org).
Western blot analysis
Proteins were extracted from leaves, seeds, stem, and flowers according to Aragão et al. [21] . Western blot analyses were carried out as described [21] . Fifty micrograms of total protein of each sample were fractionated using SDS-PAGE on a 12% acrylamide gel and electroblotted onto a nitrocellulose membrane. The REP protein was identified using the anti-REP-BGYMV polyclonal antiserum raised in mouse (1:3000), rabbit anti-mouse IgG conjugated (1:5000) to alkaline phosphatase and visualized using BCIP (5-bromo-4-chloro-3-indolyl phosphate) and nitroblue tetrazolium.
Disease resistance testing
Transgenic plants of advanced generations were analyzed for their resistance to BGMV by exposing to populations of 20-110 viruliferous whiteflies per plant for a 3-day inoculation access period, using 8-day old seedlings. Seeds were germinated in 300-ml containers filled with a fertilized soil mixture to facilitate handling. Whiteflies were placed on individual common bean seedlings contained in a cage covered with a nylon tissue to prevent the insects from escaping. After inoculation the seedlings were transferred to a 3-kg pot filled with fertilized soil mix. Twenty-five plants of each transgenic or non-transgenic Olathe Pinto beans were used for each whitefly population evaluated. The final number of whiteflies per plant was counted at the end of the inoculation access period. Disease evaluation was done on a visual basis by recording the first date of vein clearing, and then daily until the end of the experiment. The complete experiment was repeated three times.
Results
Out of 5669 bombarded embryonic axes, 17 common bean transformants (T 0 generation) were obtained (approximately 0.3%) based on the tolerance to glufosinate ammonium and PCR detection of the bar and rep genes. All generated plants had normal phenotype (plant height, site of insertion of first pod, number of branches, internode length, foliar area, total number of flowers, pods, and seeds) and were cultivated to set seeds in the greenhouse.
Transgenic plants were tested for their resistance to the BGMV. One line (M1/4) showed resistance to the BGMV and transferred both rep and bar genes to its progeny (T 1 generation) (Fig. 2) . The line M1/4 set six seeds (T 1 generation). All M1/4 T 1 seeds were germinated and the plants were resistant to glufosinate ammonium. However, only four plants were resistant to BGMV. The two susceptible plants yielded no seeds. The T 2 progeny derived from seed of the four BGMV resistant plants (numbered 1, 3, 4, and 6) was analyzed ( Table 1) . T 2 plants from T 1-1 (T 2 generation derived from the plant number 1) and T 1-4 (T 2 generation derived from the plant number 4) showed the highest number of BGMV resistant plants (31 out of 35 and 11 out of 12, respectively). Only T 2 plants from T 1-4 showed glufosinate ammonium susceptible progenies (5 out of 12). Seeds from T 2 plants (T 3 generation) derived from T 1-1 , which were PCR positive for both rep and promoter region and resistant to BGMV infection, were pooled. Except for one plant, all T 3 carried the rep and bar genes (127 plants tested). All PCR-positive plants were tolerant to glufosinate ammonium and showed BGMV resistance.
Southern blot analysis of genomic DNA isolated from the T 0 , T 2 , T 4 , T 6 , and T 8 generations of transgenic common bean line M1/4, was carried out to evaluate the integration of the introduced rep-trap-ren cassette. The results revealed the presence of the rep sequence in all generations. As the vector pT-M1 has a unique XhoI restriction site (Fig. 1) , Southern blot analysis confirmed the integration of two transgene copies in the line M1/4 (Fig. 3 ). Southern analysis with plants of the T 0 , T 2 , T 4 , T 6 , and T 8 generations showed the same pattern of DNA bands. DNA isolated from a non-transgenic plant did not hybridize with the rep probe (Fig. 3 ).
Transgenic and non-transgenic plants were analyzed by RT-PCR to detect rep and bar gene transcripts. Transgenic plants showed both bar and rep gene expression in the leaves (Fig. 4) . The amplified fragment for the rep gene was fainter compared to the fragment amplified from bar gene. Non-transgenic plants lacked genes expression. Both transgenic and non-transgenic leaves showed similar levels of the Pv18SrRNA endogenous gene (Fig. 4) .
Western blot analysis revealed that the REP protein was expressed in some tissues of the M1/4 transgenic common bean line, as judged from the presence of the expected 42-kDa protein (Fig. 5) . The presence of the REP protein was detected in leaves and stems. A weak signal was observed in floral tissues. However, no signal was observed in seed tissues. In addition, a stronger signal was observed in non-transgenic plants infected with the BGMV and no signals were observed in the control tissues (from non-transgenic healthy plants).
The incidence of BGMV increased with the extent of viruliferous whiteflies per plant, both in the transgenic as well as in the control plants. It should be noted, however, that there is a higher number of symptomless plants in the transgenic group (Fig. 6 ). Attempts to amplify virus genes by PCR from symptomless plants failed (data not shown). Disease symptoms on transgenic plants developed within the same time frame as on the control plants. Inoculation of transgenic plants with up to 13 viruliferous whiteflies did not result in viral infection while 29.4% of non-transgenic plants showed viral symptoms (Fig. 6 ).
Discussion
There is little natural resistance to BGMV in the Phaseolus spp. as well as in many other host-geminivirus interactions. As a consequence, several researchers have concentrated on efforts to explore strategies of genetically engineered resistance. In this work, efforts were concentrated in the rep gene, mostly due to its being the only geminiviral gene essential for DNA replication [12] .
From the total of 17 putative transgenic lines tested, only one line showed resistance to the BGMV. The expression of a transgene located in active chromatin or heterochromatin is highly variable, even among lines independently transformed with the same construct. Many factors may be responsible for variable transgene expression, including the tendency for exogenous DNA to undergo rearrangement prior to integration, effects related to the transgene copy number and integration position, and effects of DNA hypermethylation [22, 23] .
Out of six plants from the first generation of the line M1/4, tested for resistance to the BGMV, all of them were resistant to glufosinate ammonium, but only four plants were resistant to BGMV. Although the plants were inoculated with the same number of viruliferous whiteflies, it is not possible to control insect feeding. Consequently, there is a possibility of a differential inoculation and distinct response with respect to virus resistance. Indeed, it was further observed to be a dosagedependent virus resistance.
The Southern blot analysis revealed that all generations of the line M1/4 analyzed showed the same pattern, indicating that the copies were integrated at the same locus and that the structure was maintained stable during the eight generations studied. In the first generation, PCR analyses in combination with glufosinate ammonium tolerance assay showed that there was no independent segregation between the bar gene and rep gene cassette. However, in the second generation (T 2 ), there was no correlation between the numbers of plants showing tolerance to glufosinate ammonium and presenting the rep gene cassette, suggesting that both transgene cassettes were integrated in different loci. The discrepancy between Southern blot analysis and transgenes segregation in the second and third RT-PCR analysis revealed that both bar and rep gene transcripts were present in transgenic leaves. The rep gene was cloned under control of the doubled 35S promoter from the CaMV plus an AMV enhancer sequence, while the bar gene is under control of a single 35S CaMV promoter. Consequently, it was expected to detect higher levels of transcription of the rep gene cassette [15] . However, the amplified fragment from the rep gene was fainter. Both transgenes could be differentially transcribed due to several factors, such as number, position, and functionality of the copies integrated into the genome. In addition, PCR conditions, template DNA, primers, and the size of the amplified fragment may account for a limited amplification.
It was possible to use an antibody raised against the REP protein of a related, but not identical, geminivirus (BGYMV) to detect the expressed mutated REP protein in the transgenic plants. This indicates that the protein produced in the plants may have the correct conformation. As the rep gene is under control of the double CaMV 35S promoter, its expression was expected to result in high levels of protein in leaves, stem, and flowers [15] . Nevertheless, the protein could not be detected in seeds. Similar results have been observed in our previous work [21] . It has been observed that the CaMV 35S promoter is inadequate to promote protein accumulation in dry seeds of common beans and other leguminous plants when an amino terminal signal peptide is not added to address the protein to the endoplasmic reticulum [21, 24] .
There is evidence that a functional protein is necessary to achieve disease resistance [25] [26] [27] . However, in some other cases, the use of defective rather than a functional replicase seems to be responsible for the resistance [28, 29] . In addition, replicase-mediated protection can be mediated by RNA [30] . RNA-mediated resistance can be achieved by post-transcriptional gene silencing mechanism (co-suppression) [31, 32] . The results from the REP protein expression along with those from inoculation of intact plants show that trans-dominant inhibition of BGMV may be mediated by the REP protein in its nonfunctional (mutated) version. The function for the trap and ren genes in the construct were not evaluated in this work, but Hanson and Maxwell [4] suggested, based on protoplast work that they contribute to trans-dominance. In our previous experiments, tobacco protoplasts transformed with the vector pT-M1 were unable to support replication of the B component of BGMV, showing trans-dominance effect over the A component of BGMV, in levels of up to 100% (J.C. Faria, D.P. Maxwell, unpublished). The resistance level would probably be correlated with the amount of REP protein, and it could be overcome by the wild-type REP protein introduced when a high number of viruliferous whiteflies were present. As common beans are not the most preferred host for whiteflies, the level of resistance reported here may be sufficient to give field control of golden mosaic.
In the present work, the resistance shown by the M1/4 transgenic line seems to be mediated by transgene transcription and translation. However, studies were not carried out to determine if post-transcriptional silencing of the viral genes could also be involved. Transgenic cassava plants were produced containing the wild-type and modified AC1 gene from the African cassava mosaic virus. AC1 transcripts were barely detectable in two transgenic lines. However, Western blot assays demonstrated that the protein was present indicating that resistance imparted by the AC1 transgene could be due to protein-based or RNA-based mechanisms, or a combination of both [32] .
Our results complement and expand those studies examining the trans-expressed modified rep genes of tomato and cassava geminiviruses for its ability to interfere with the cognate geminivirus replication in Nicotiana benthamiana plants [6, 33] . The examination of the transdominance strategy for disease resistance in the virus natural host rather than in Nicotiana sp. showed that the type of resistance observed can be very valuable. Field disease epidemiology data are not complete at this time but the results from greenhouse experiments indicate a significant delay in the onset of symptoms, which would be rather important for the growers, and could lead to important reduction in yield losses. A field experiment to verify this hypothesis was conducted with very promising results, and need replication across years or sites. The results will be published elsewhere.
The research group is currently transferring the transgene to four commercially grown elite cultivars of common beans, using the classical breeding methodology of crossing and backcrossing. No epigenetic effects, which could be due the transformation event, was observed in the progeny, and detailed biosafety studies are under way. Finally, the conservation of NTP binding motifs across all geminivirus rep genes may indicate the usefulness of this strategy to other geminivirushost systems.
